The aim of this work was to analyze the hydrophilic and surface properties of semi-IPN hydrogels with good electroactive properties based on poly (acrylamide) (PAAm) and conductive polymer poly(3,4-ethylene dioxythiophene)/ poly(styrenesulfonate) (PEDOT/PSS). The hydrogels properties were analyzed by degree of swelling (DS), drop water contact angle (DWCA) and atomic force microscopy (AFM). In addition, the state of water in the hydrogels was estimated by differential scanning calorimetry (DSC) analysis. Results revealed that the presence of PEDOT/PSS reduce the hydrophilicity of the network, mainly those prepared with lower cross-linking density, demonstrating that PEDOT/PSS chains (or their segments) are displayed in surface hydrogels. The possibility of producing PAAm-PEDOT/PSS hydrogels with controlled properties in a desired range of values is of key importance to optimize its use in several applications, mainly in optical devices, capacitors, artificial muscles, and rechargeable lithium batteries.
Introduction
Conductive polymers have become an exciting area of academic and industrial research because they can be used as basic materials for advanced applications including electrochromic displays [1] [2] [3] , artificial muscles [4, 5] , sensors [6, 7] , capacitors [8, 9] etc. Hydrogels are materials formed by hydrophilic polymers that have the ability of adsorbing large quantities of water [10] [11] [12] .
Electric double layer capacitors based in conductive polymer and hydrogels, also called capacitors [13] [14] [15] [16] , has attracted considerable attention as promising energy storage devices because of their high power energy density and long cycle performance. Siddhanta et al [17] demonstrated that conducting poly(aniline) entrapped in cross-linked poly(electrolyte) gel viz. poly(2-acrylamido-2-methyl propane sulphonic acid) has electro-driven volume contraction at sufficiently lower voltage (~ 5 V cm -1 ). Moschou et al [18] showed a novel artificial muscle based on acrylic acid/acrylamide hydrogel and conductive poly(pyrrole)/carbon black composite with fast (response times of 5 s or less) and reversible electroactuation at low potential (1 V or less). Lin et al [19] investigated the effect of preparation conditions on the electrical conductivity of a novel conducting hydrogel based on a poly(acrylate) and graphite. Dispenza et al [20] studied a hydrogel containing poly (aniline) protonated emeraldine nanoparticles form synthesized by -irradiation, using poly(vinyl pyrrolidone) or poly(vinyl alcohol) as steric stabilizers. Recently, our research group [21, 22] developed poly(acrylamide) (PAAm) -poly(3,4-ethylene dioxythiophene)/ poly(styrenesulfonate) PEDOT/PSS capacitors with good mechanical properties that preserved the electro-chemical performance after 1,000 charge/discharge cycles in the considered current range (0.01563 -1 mA). The specific capacitance and coulombic efficiency (η) values were 0.2 -0.8 mF g -1 and 100 %, respectively. Furthermore, electro-chemical tests showed satisfactory stability and electro-chemical reversibility, opening new perspectives for technological applications such as capacitors and optical device materials.
The aim of this work was to analyze the hydrophilic and surface properties of semi-IPN hydrogels with good electroactive properties based on PAAm and conductive polymer PEDOT/PSS. The properties were analyzed by degree of swelling (DS), drop water contact angle (DWCA) and atomic force microscopy (AFM). In addition, the state of water in the hydrogels was estimated by differential scanning calorimetry (DSC).
Results and discussion

Scanning Electron Microscopy (SEM)
The SEM technique was utilized to study the PEDOT/PSS distribution into PAAm matrix (Figure 1 ) where the surfaces of hydrogels with homogeneous smooth profiles were observed. Besides, there was no phase separation between PAAm-PEDOT/PSS specimens. This is a strong indication of good interaction and miscibility between them. The concept of fractal surfaces is based upon self-similarity at any dimension and relies on repetitive patterns at any scale of scrutiny [26] . The dendritic dimensions of the micro-snowflake are attributed to fractal growth of PEDOT/PSS molecules. Figure  2 shows SEM images of the dendritic shapes, typical morphologies in two different magnifications. A slight distribution of micro-snowflake was observed (< 10 µm), indicating good synthesis control which is extremely important to future applications. Figure 3 shows the FT-IR spectra of semi-IPN hydrogels: (a) (2-1-0), (b) (2-1-1), (c) (2-1-5) . Figure 3d shows the FT-IR spectrum of conductive polymer PEDOT/PSS. In PAAm hydrogel spectra peaks at 1660 cm -1 and 1815-1489 cm -1 (C=O and amide groups), 1157-1071 cm -1 (C-C and/or C-O-C groups), 2980-2880 cm -1 (CH2 groups) were observed. PEDOT/PSS (Figure 3d ) spectra presented well defined peak at 1641 cm -1 which was attributed to C=O stretching, C=C and/or C-O-C groups. It was observed that the peak at 1660 cm -1 changes to 1641 cm -1 when the PEDOT/PSS was incorporated in hydrogel, demonstrating interaction between PEDOT/PSS and PAAm. 
Fourier Transform Infrared Spectroscopy (FT-IR) spectroscopy
Degree of Swelling (DS)
The dependence of degree of swelling as a function of temperature for semi-IPN hydrogels synthesized from feed solution with different amounts of AAm, N,N'-methylene-bis-acrylamide (MBAAm) and PEDOT/PSS are shown in Table 1 . A slight increase in DS values can be observed when the temperature is raised from 25 to 40 ºC, which demonstrates that DS property practically is not temperature-dependent.
The small increase in DS may be attributed to the increase in PAAm-water affinity.
From Table 1 it was possible to analyze the dependence of DS with PEDOT/PSS content where a small decrease of hydrophilicity in (2-1-P) and (2-2.5-P) hydrogels can be observed when PEDOT/PSS concentration was increased. However, the PEDOT/PSS concentration did not influence the hydrophilicity of hydrogels with 5.0 mol L -1 AAm concentration. This is good indication that the hydrophilicity of hydrogels is strongly dependent on PEDOT/PSS chain mobility, whereas this mobility is reduced when confined in hydrogels synthesized with high polymeric and/or crosslinker density. . Values of DWCA for (5-1-P) and (5-2.5-P) hydrogels are practically equal, showing that these hydrogels have similar network compactness, and probably the same quantities of PEDOT/PSS chains are displayed in surface hydrogels. DWCA and AFM properties were co-related and the results are shown in Figure 8 where an increment in both properties can be observed when the amount of PEDOT/PSS was increased. This is another good indication that PEDOT/PSS chains (or their segments) are displayed in surface hydrogels. Additionally, it can be inferred that exposition PEDOT/PSS chains in surface hydrogels was more pronounced in hydrogels obtained from feed solution with PEDOT/PSS 5.0 v:v-%, (2-1-5) hydrogel: DWCA = 54.0 ± 3.5º and RMS = 1035 nm. Figure 9 shows the optical transmittance spectra between 400 and 800 nm obtained for different hydrogels using UV-Vis technique. The Figure The optical transmittance in Region I is practically constant with values between 90 -100 %, indicating that practically all light is transmitted through the sample. This trend is in accordance to Aouada et al. [24] . Highest optical transmittance (more transparency) was obtained for (2-1-0) hydrogel. In contrast, (5-2.5-0) hydrogel presented lowest optical transmittance values. This fact is attributed to the increase in the matrix density provoked by increasing in concentration of AAm and/or MBAAm.
Optical Transmittance
Region II and III shows a decrease in transparency when the concentration of PEDOT/PSS was increased, which is directly linked with the absorption of the conductive polymer PEDOT/PSS in the visible range. Coherently, the (5-2.5-5) hydrogel presented lowest transparency of all hydrogels analyzed due to highest AAm, MBAAm and PEDOT/PSS concentrations. Figure 10 shows the DSC thermograms for different hydrogels in the temperature range between -40 and 120 ºC. The state of water (bound and free water) present in semi-IPN hydrogels was investigated by DSC. The full area of region -20 to 30 ºC correspond to the necessary heat to provoke the change of water state (solid liquid) (Qend). Equilibrium water content (EWC), Qend, bound and free water values for different semi-IPN hydrogels are shown in Table 2 where it can be evidenced that Qend values are strongly influenced by amount of free water. . These results may be co-related with DS values, whereas (2-1-0) hydrogel presented higher DS value than other (2-1-P) hydrogels. Besides, the reduction of Qend and DS values were directly proportional, c.a. 10 %.
Differential Scanning Calorimetry (DSC)
When the AAm concentration was increased around 2.5 times, (5-1-0 
Conclusions
Semi-IPN hydrogels based on PAAm network and conductive PEDOT/PSS were successfully prepared. The FT-IR spectra confirmed that the conductive polymer PEDOT/PSS was incorporated in PAAm hydrogel. DS, DWCA and AFM results confirmed that the hydrophilicity of hydrogels surface was seriously affected by presence of PEDOT/PSS, mainly those synthesized with lower amount of AAm and MBAAm. This is a good indication that PEDOT/PSS chains (or their segments) are displayed in surface hydrogels. DSC thermograms showed that the hydrogels with higher AAm and MBAAm content have large values of free water and small bound water. The possibility of producing PAAm-PEDOT/PSS hydrogels with controlled properties in a desired range of values is of key importance to allow the application in several technological fields, mainly in optical devices, capacitors, artificial muscles, and rechargeable lithium batteries.
Experimental
Reagents
Acrylamide (AAm), N,N,N',N'-tetramethylethylenediamine (TEMED), and sodium persulfate (SP) were purchased from Aldrich. N,N'-Methylene-bis-acrylamide (MBAAm) was obtained from Plusone. Aqueous colloidal dispersion (1.2 wt-%) of poly(3,4-ethylene dioxythiophene)/ poly(styrenesulfonate), PEDOT/PSS, (trade name Baytron-P, Bayer AG, Germany) was used in hydrogel preparation.
Synthesis of PAAm-PEDOT/PSS hydrogels
Cross-linked PAAm with entangled PEDOT/PSS was obtained by the polymerization/cross-linking of acrylamide and MBAAm in aqueous solution containing PEDOT/PSS. Sodium persulfate at 4.2 mmol L -1 was used as an initiator. After homogenization, the solution was purged by N 2 bubbling for 20 min at room temperature. Finally, TEMED at 2.85 mmol mL -1 in conc., used as catalytic agent, was added to the resulting solution, which was quickly placed between two glass plates (12 X 12 cm) separated by a rubber gasket (3.0 mm) and kept at room temperature. At the end of reaction, the hydrogel was removed from the plaque (in membrane form) and immersed in distilled/deionized water to remove the unreacted chemicals, e.g., monomers, catalyst, initiator. The water was renewed every 12 h for 10 days. Different amounts of AAm, MBAAm and PEDOT/PSS were used in the precursor solution: AAm conc. 
Scanning electron microscopy (SEM)
Firstly, the hydrogels were immersed in distilled water at 25 ºC up to swell at equilibrium (ca. 48 h). Next, the hydrogels were removed and quickly frozen by immersion in liquid nitrogen. Frozen hydrogels were fractured and lyophilized in a freeze dryer Christ gefriertrocknungsanlagen at -55 ºC for 24 h. This procedure was employed to assure that the swollen structure of hydrogel did not change after frozen process. Sample coating was performed using sputter-coater with Au alloy target. The hydrogel morphologies were studied by Shimadzu equipment (model SS-550 Superscan) operating at 10 and 15 kV secondary electrons.
Fourier Transform Infrared Spectroscopy (FT-IR) spectroscopy
Conductive polymer PEDOT/PSS, PAAm and PAAm-PEDOT/PSS hydrogels spectra were taken on a Perkin-Elmer Spectrum model Paragon 1000 in the range from 4000 to 400 cm −1 . The materials were frozen in liquid nitrogen and lyophilized by freeze-drying. Such powdered samples were triturated, mixed with KBr to make pellets. To achieve a 2 cm -1 resolution, 128 scans were made in each spectrum.
Degree of Swelling (DS)
The degree of swelling was determined through the ratio between the weights of the swollen (W S ) hydrogel at a given temperature and of the dry (W D ) hydrogel. Averaged values were calculated from four different measures and the error bars indicate the standard deviation (n = 4).
Molar mass between two adjacent cross-links (Mc)
From DS data and Flory-Rehner theory it was possible to calculate the molar mass between two adjacent cross-linking (M C ), equation 1:
where p and Vs are the polymer density and the solvent molar volume, respectively, is the polymer-solvent interaction parameter of Flory [23] .
The volume fraction of polymer in the equilibrium swollen state, , was calculated by using the equation:
where s is the solvent density.
The polymer-solvent interaction parameter, χ, was calculated by using the following equation proposed by Flory and Rehner
The dependence of the polymer volume fraction on temperature, d /dT, was obtained from DS measured from 25 to 40 ºC. The value of N, an intrinsic parameter, of each swollen hydrogel was determined for each temperature using equation (4):
Drop Water Contact Angle (DWCA)
The contact angle measurements were done using a contact angle meter (Tantec Contact Angle Meter apparatus) to quantify the degree of surface hydrophilicity. A drop of Milli-Q water was deposited on the fully hydrated gel and the contact angle water made with the gel surface was measured at 25 ºC. Before each measurement, the surface of hydrogels was wiped with a filter paper to remove the free surface water. Measurements were performed in replicate and the error bars indicate the standard deviation (n = 6).
Atomic force microscopy (AFM)
The root mean square roughness (RMS) values for gels were obtained from AFM images in the non-contact mode (Shimadzu microscope, model SPM 9500-J3): nanoprobe of 200 µm length, pyramidal silice nitride cantilever with a force constant of 12 N m -1
. Before analyses, the hydrogels were dried for 72 h at 25 ºC.
Optical Transmittance
The optical transmittance (transparency) of the gels was measured by light transmittance tests using UV-Vis spectrophotometer Cary 50 Conc, in accordance to Aouada et al [24] . To perform the measurements, the hydrogels were cut to 2.0 X 2.0 (in cm), placed between two glass plates and into the sample holder. Transmittance spectrum was obtained as a function of wavelength for the entire visible region.
Differential Scanning Calorimetry (DSC)
The state of water in the hydrogels was investigated with a Shimadzu differential scanning calorimeter (DSC) (model DSC-50) in the temperature range -40 to 120 ºC with a heating rate of 5.0 ºC min -1 under N 2 flow at 20 mL min -1 . EWC values were determined from DS data, and can be expressed as [(W S -W D ) / W S ] x 100.
The amount of free water was calculated from the respective melting enthalpies (Qend) resulting from the respective thermogram. To obtain the Qend value, the equipment was calibrated using indium as reference. The amount of bound water (Wb) was obtained using the equation 5, where Qf is the melting enthalpy of water (79.7 cal g -1 ) [25] . Table 2 shows the water states of semi-IPN hydrogels estimated by DSC analysis.
Wb (%) = EWC -(Qend / Qf) x 100 (5) 
